Like-sign dileptons with mirror type composite neutrinos at the HL-LHC by Presilla, Matteo et al.
ar
X
iv
:1
81
1.
00
37
4v
1 
 [h
ep
-p
h]
  1
 N
ov
 20
18
Like-sign dileptons with mirror type composite neutrinos at the HL-LHC
M. Presilla,1, 2, ∗ R. Leonardi,3 and O. Panella3
1Dipartimento di Fisica e Astronomia ”Galileo Galielei”,
Universita` degli Studi di Padova, Via Marzolo, I-35131, Padova, Italy
2Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Via Marzolo, I-35131, Padova, Italy
3Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, Via A. Pascoli, I-06123 Perugia, Italy
(Dated: November 2, 2018)
Within a mirror type assignment for the excited composite fermions the neutrino mass term is
built up from a Dirac mass, m∗, which gives the mass of charged lepton component of the SU(2),
right-handed, doublet, and a Majorana mass, mL, for the left-handed component (singlet) of the
excited neutrino. The mass matrix is diagonalized leading to two Majorana mass eigenstates. The
active neutrino field ν∗R is thus a superposition of the two mass eigenstates with mixing coefficients
which depend on the ratio mL/m∗. We discuss the prospects of discovery of these physical states at
the HL-LHC as compared with the previous searches of composite Majorana neutrinos at the LHC
based on sequential type Majorana neutrinos.
PACS numbers: 12.60.Rc; 14.60.St; 14.80.-j
Introduction - A composite scenario [1–11], where at
a sufficiently high energy scale Λ (compositeness scale)
the standard model leptons and quarks show the effects
of an internal substructure, has triggered considerable re-
cent interest both from the theoretical [12–15] and exper-
imental [16, 17] point of view. In particular, recent stud-
ies [18] have concentrated in searching for heavy compos-
ite Majorana neutrinos at the LHC. A recent CMS study
has searched for a heavy composite Majorana neutrino
(N), using 2.6 fb−1 data of the 2015 Run II at
√
s = 13
TeV [19, 20]. Heavy composite neutrino masses are ex-
cluded, at 95% CL, up to mN = 4.60 TeV in the eeqq
channel and mN = 4.70 TeV in the µµqq channel for a
value of Λ = mN .
We discuss here a variant of the model analyzed
in [18, 20] taking up the scenario in which the excited
fermions are organized with a mirror SU(2) structure rel-
ative to the SM fermions, i.e. the right-handed compo-
nents form an SU(2) doublet while the left-handed com-
ponents are singlets [21]. We construct a general Dirac-
Majorana mass term and discuss its mass spectrum along
with prospects of observing the resulting lepton num-
ber violating signatures at the High-Luminosity Large
Hadron Collider (HL-LHC) [22]. The HL-LHC phase in-
tends to push the performance of the LHC increasing the
potential for discoveries by improving the luminosity by
a factor of 10 and the Centre-of-Mass energy by 1 TeV,
bringing them to 3 ab−1 and 14 TeV, respectively. Hence,
the exploration of very rare and yet-unobserved devia-
tions to the Standard Model could be feasible thanks to
this very high expected statistics.
Mirror type Model - In analogy with the usual proce-
dure adopted in see-saw type extensions of the standard
model, we may give a (lepton number violating) Majo-
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rana mass term to the left-handed excited neutrino (ν∗L),
which is a singlet and does not actively participate to the
gauge interactions in Eq. 5 –sterile neutrino–, while a
(lepton number conserving) Dirac mass term m∗ is asso-
ciated to the right-handed component ν∗R which belongs
to the SU(2) doublet and does participate in the gauge
interactions – active neutrino. We can thus write down
the excited neutrino Dirac-Majorana mass term appear-
ing in the Lagrangian density of the model as:
LD+M = −1
2
mL ν¯
∗
L(ν
∗
L)
c −m∗ ν¯∗Lν∗R + h.c. . (1)
The Lagrangian mass term is easily diagonalized fol-
lowing standard procedures, obtaining two Majorana
mass eigenstates, ν1,2, with (positive) mass eigenvalues
given by:
m1,2 =
√
m2
∗
+
(mL
2
)2
∓ mL
2
(2)
Interacting states can be written as a mixing of the
mass eigenstate according to the relation:
(ν∗L)
c = −i cos θ ν1R + sin θ ν2R (3a)
ν∗R = i sin θ ν1R + cos θ ν2R (3b)
with the mixing angle θ written in terms of the two
masses of Dirac and Majorana:
θ = −1
2
arctg
(
2m∗
mL
)
. (4)
Now we take into account all the relevant effective cou-
plings of these particles. In the usual mirror type model,
we assume that the excited neutrino and the excited elec-
tron are grouped into left-handed singlets and a right-
handed SU(2) doublet. The corresponding gauge medi-
ated Lagrangian between the left-handed SM doublet and
the right-handed excited doublet via the SU(2)L×U(1)Y
2FIG. 1. (Left-panel) Mass eigenstates m1,2 (in units of m∗) from Eq. (2) as a function of the parameter µ = mL/m∗. (Right-
panel) Mixing coefficients cos θ and sin θ from Eq. (4) as a function of the parameter µ = mL/m∗
gauge fields [21, 23], which is of the magnetic type for
current conservation, can be written down:
L = 1
2Λ
L¯∗Rσ
µν
(
gf
τ
2
·Wµν + g′f ′Y Bµν
)
LL + h.c. ,
(5)
where LT = (νℓL, ℓL) is the ordinary SU(2)L lepton dou-
blet, g and g′ are the SU(2)L and U(1)Y gauge couplings
andWµν , Bµν are the field strength for the SU(2)L and
U(1)Y gauge fields; f and f
′ are dimensionless couplings
usually set equal to unity. The relevant charged current
(gauge) interaction of the excited (active) Majorana neu-
trino ν∗R is easily derived from Eq. 5:
LG = gf√
2Λ
ν∗R σ
µλ ℓL ∂µWλ + h.c. (6)
and can be written out explicitly in terms of the Majo-
rana mass eigenstates through Eq. (3b):
LG = gf√
2Λ
(−i sin θ ν1 + cos θ ν2) σµλ ℓL ∂µWλ + h.c. .
(7)
Contact interactions between ordinary and excited
fermions may arise by constituent exchange if the
fermions have common constituents, and/or by the ex-
change of the binding quanta of the new unknown inter-
action, whenever such binding quanta couple to the con-
stituents of both particles [2, 21]. The dominant effect
is expected to be given by the 6-dimension four-fermion
interactions which scale with the inverse square of the
compositeness scale Λ:
LCI = g
2
∗
Λ2
1
2
jµjµ, (8a)
jµ = ηLf¯LγµfL + η′Lf¯∗Lγµf∗L + η′′Lf¯∗LγµfL + h.c.
+ (L→ R) (8b)
where g2
∗
= 4π and the η factors are usually set equal
to unity. In this work the right-handed currents will be
neglected for simplicity.
The single production qq¯′ → ν∗ℓ proceeds through
flavour conserving but non-diagonal terms, in particular
with currents like the third term in Eq. 8b which couple
excited states with ordinary fermions:
LCI = g
2
∗
Λ2
q¯Lγ
µq′L ν
∗
LγµℓL . (9)
The contact interactions in Eq. (9) can be written out
explicitly in terms of the Majorana mass eigenstates νi
using Eq. (3b):
LCI = g
2
∗
Λ2
q¯Lγ
µq′L (−i cos θ ν1 + sin θ ν2) γµℓL . (10)
The model needs to be implemented in a Monte Carlo
generator to extract predictions. Here we have obtained
the Feynman rules of the model thanks to the Math-
ematica package FeynRules [24]. The MC simulation
samples and the numerical computations are then mostly
obtained with Madgraph [25], complementing the results
with a validation obtained with the tree-level simulator
CalcHEP [26].
Probe at the HL-LHC - In the compositeness frame-
work discussed above, the heavy Majorana neutrino
could trigger processes with Lepton Number Violation
(LNV). In particular, the production of a heavy neutrino
ν∗ in association with a charged lepton could be followed
by the subsequent decay of the neutrino to a like-sign
lepton plus two jets coming from the hadronization of
the quarks in the detector. It is important to emphasize
that, in this version of the model, the mediator acts as a
mixture of the two mass eigenstates. The whole process
results in the like-sign dileptons and dijets signature, that
is the golden channel for LNV searches in hadron collider
experiments. This is shown diagrammatically in Fig. 3.
Here we focus on the two-positrons final state, because
of the higher-luminosity of the partons involved in this
channel in proton-proton collisions with respect to the
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FIG. 2. (Left-panel) Production cross section, at
√
s = 14 TeV, for the two mass eigenstates pp → e+ν1,2 for two different
Majorana mass values, mL = 50, 500 GeV. (Right-panel) Cross section for the like-sign dileptons signature, pp → e+e+qq at
the HL-LHC (
√
s = 14 TeV).
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FIG. 3. The like-sign dileptons and dijets signature mediated
by the heavy composite Majorana neutrino.
negatively charged case. Fig.2 shows the behaviour of
the production cross section for the two mass eigenstates
and for the full LNV process for different model scenar-
ios. It is worth to notice that in the limit mL → 0 the
cross-section of the like-sign dileptons and dijets process
goes to zero, as the process becomes essentially mediated
by Dirac neutrinos. This is confirmed by the behaviour
of the signal cross section with respect to the parameter
mL as shown in Fig. 4.
In order to study the potentiality of a successful
detection of this kind of particle, LHE samples com-
ing from the MC generators are interfaced with the
Fast-Simulation framework Delphes [27], considering a
CMS Phase-2 [28] parametrization without considering
any pileup effect. Hence, the potential for discovery
at HL-LHC in the three-dimensional parameter space
(Λ,mL,m∗) can briefly discussed.
Standard Model processes that could mimic the de-
tection of a LNV signal in this rather clean signa-
ture are mainly the triple W boson production, pp →
W+W+W−, and the top quark pair production pp→ tt¯,
the former being the dominant background source. Since
the kinematic features of the final state reconstructed ob-
jects are similar to those of Ref. [18], we lower the back-
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FIG. 4. The like-sign dileptons and dijets cross section as a
function of mL, given Λ = 10 TeV and m∗ = 3 TeV .
ground contribution by imposing two cuts on the leading
lepton (pT (e1) > 110 GeV) and on the second-leading
lepton (pT (e1) > 35 GeV). This particular signal region
allows an efficiency in selecting signal around the 80%,
while beating the background sources with efficiency of
0.00044% for the tt¯ and of 0.0034% for the W+W+W−.
The statistical significance is defined by the relation
S =
Lσsigǫsig√Lσbkgǫbkg , (11)
where ǫsig, ǫbkg are respectively the cumulative efficien-
cies of the signal and the background due to the selec-
tion.
Figure 5 shows the 5-σ contours in the (Λ,m∗) for two
benchmark choices of the lepton number violating pa-
rameter mL = 50, 500 GeV.
Another interesting feature of this version of the model
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FIG. 5. 5-σ level contour curves of statistical significance
for two hypothesis of mL, in the parameter space (Λ,m∗) for√
s = 14 TeV and for an integrated luminosity L = 3000 fb−1.
The region below a curve allows a significance greater than
5-σ in case of a future discovery.
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FIG. 6. Asymmetry in the production of like-sign signature
and opposite-sign signature prompted by a heavy composite
Majorana neutrino ν∗.
is that the presence of two heavy neutrino mass eigen-
states, which have also opposite CP eigenvalues, can
lead to an asymmetry in the production rate of like-sign
dileptons signal and opposite-sign signal [29]. In par-
ticular, a statistically significant nonzero ratio of same-
and opposite-sign dileptons signal events could be used
to test the relative strength between the Dirac and Ma-
jorana nature of the heavy neutrinos at the HL-LHC.
We have studied the charge asymmetry
A = σe+e−jj − σe+e+jj
σe+e−jj + σe+e+jj
, (12)
for a fixed value of the scale Λ. We expect that the
compositeness scale does not play a crucial role in the
asymmetry because when taking the ratio in Eq. 12 it
will essentially cancel out. In addition it should also not
play a significant role in the yields of the like sign ver-
sus the opposite sign. As shown in Fig. 6, the asymme-
try depends both on the Majorana mass mL and on the
Dirac mass m∗ without reaching the A = 0, that would
correspond to a process mediated by a single Majorana
neutrino.
As the Dirac mass reaches higher values, we see that
the like-sign channel is suppressed (A = 1), being the
magnitude of the suppression dependent on the parame-
ter mL.
Conclusions - We have presented a mechanism of lep-
ton number violation within a mirror type model compos-
iteness scenario. The mirror type case is realized when
the left components of the excited states are singlets
while the right components are active doublets which
do participate to gauge transition interactions with SM
fermions. We therefore introduce a left -handed Majorana
neutrino singlet of mass mL while the right-handed com-
ponent belongs to a doublet and has a Dirac mass m∗.
This situation is exactly specular to the one encountered
in typical see-saw models where the sterile neutrino is the
right-handed component and the active one is the left-
handed component. Diagonalization of the mass matrix
gives two Majorana mass eigenstates whose phenomenol-
ogy at the HL-LHC is presented. We provide the 5-σ
contour curves of the statistical significance, for two dif-
ferent values of the Mjorana mass mL = 50, 500 GeV, of
the like-sign dileptons and dijet signature giving indica-
tions about the discovery potential at the CMS Phase-2
detector. We have additionally shown that the charge
asymmetry is a potential observable that could allow to
distinguish between different values of mL in the regime
of high values of the Dirac mass (m∗ ∈ [2500, 5000] GeV
for Λ = 10 TeV).
ACKNOWLEDGMENTS
The authors acknowledge constant and encouraging
support from the CMS group, University of Perugia, De-
partment of Physics and Geology and INFN, Sezione di
Perugia.
[1] E. Eichten, Kenneth D. Lane, and Michael E. Pe-
skin. New Tests for Quark and Lepton Substructure.
Phys.Rev.Lett., 50:811–814, 1983.
[2] M.E. Peskin. International Symposium on Lepton Pho-
ton Interactions at High Energies, 1985.
[3] N. Cabibbo, L. Maiani, and Y. Srivastava. Anomalous Z
5Decays: Excited Leptons? Phys. Lett., B139:459, 1984.
[4] U. Baur, M. Spira, and P.M. Zerwas. Excited Quark
and Lepton Production at Hadron Colliders. Phys. Rev.,
D42:815–824, 1990.
[5] H. Terazawa, K. Akama, and Y. Chikashige. Unified
Model of the Nambu-Jona-Lasinio Type for All Elemen-
tary Particle Forces. Phys.Rev., D15:480, 1977.
[6] Hidezumi Terazawa. Subquark Model of Leptons and
Quarks. Phys.Rev., D22:184, 1980.
[7] Hidezumi Terazawa. Masses of Fundamental Particles. In
8th International Conference on Non-Euclidean Geome-
try in Modern Physics and Mathematics: after the names
of three founder of the non-Euclidean geometry (BGL-
8) Uzhgorod, Transcarpathia, Ukraine, May 22-25, 2012,
2011.
[8] Hidezumi Terazawa and Masaki Yasue. Composite Higgs
Boson in the Unified Subquark Model of All Fundamental
Particles and Forces. 2014.
[9] Hidezumi Terazawa and Masaki Yasue. Excited Gauge
and Higgs Bosons in the Unified Composite Model. Non-
lin. Phenom. Complex Syst., 19(1):1–6, 2016.
[10] Hidezumi Terazawa. 22nd International Conference on
High Energy Physics. Vol. 2. Zeuthen, Germany, 1984.
Akad. Wiss., Akad. Wiss.
[11] Hidezumi Terazawa. Proceedings, New Trends in High-
Energy Physics. Kiev, 2011. BITP, BITP.
[12] O. Panella, R. Leonardi, G. Pancheri, Y. N. Srivastava,
M. Narain, and U. Heintz. Production of exotic com-
posite quarks at the LHC. Phys. Rev., D96(7):075034,
2017.
[13] S. Biondini, O. Panella, G. Pancheri, Y.N. Srivastava,
and L. Fano`. Phenomenology of excited doubly charged
heavy leptons at LHC. Phys. Rev. D, 85:095018, 2012.
[14] R. Leonardi, O. Panella, and L. Fano`. Doubly charged
heavy leptons at lhc via contact interactions. Phys. Rev.
D, 90:035001, Aug 2014.
[15] Simone Biondini and Orlando Panella. Leptogenesis and
composite heavy neutrinos with gauge mediated interac-
tions. Eur. Phys. J., C77(9):644, 2017.
[16] G Aad et al. Search for excited electrons and muons
in
√
s = 8 tev proton-a¨`ıproton collisions with the atlas
detector. New Journal of Physics, 15(9):093011, 2013.
[17] V. Khachatryan et al. Search for excited leptons in
proton-proton collisions at sqrt(s) = 8 TeV. JHEP,
03:125, 2016.
[18] R. Leonardi, L. Alunni, F. Romeo, L. Fano`, and
O. Panella. Hunting for heavy composite Majorana neu-
trinos at the LHC. Eur. Phys. J., C76(11):593, 2016.
[19] Search for heavy composite Majorana neutrinos pro-
duced in association with a lepton and decaying into a
same-flavour lepton plus two quarks at
√
s = 13 TeV with
the CMS detector. Technical Report CMS-PAS-EXO-16-
026, CERN, Geneva, 2016.
[20] A. M. Sirunyan et al. Search for a heavy composite Ma-
jorana neutrino in the final state with two leptons and
two quarks at
√
s = 13 TeV. Phys. Lett., B775:315–337,
2017.
[21] K.A. Olive et al. Review of Particle Physics. Chin.Phys.,
C38:090001, 2014.
[22] G Apollinari, I Bjar Alonso, O Brning, M Lamont, and
L Rossi. High-Luminosity Large Hadron Collider (HL-
LHC) : Preliminary Design Report. 2015.
[23] Eiichi Takasugi. Composite neutrinos and double beta
decay. Prog. Theor. Phys., 94:1097–1104, 1995.
[24] Neil D. Christensen and Claude Duhr. FeynRules - Feyn-
man rules made easy. Comput.Phys.Commun., 180:1614–
1641, 2009.
[25] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and
M. Zaro. The automated computation of tree-level and
next-to-leading order differential cross sections, and their
matching to parton shower simulations. JHEP, 07:079,
2014.
[26] Alexander Belyaev, Neil D. Christensen, and Alexander
Pukhov. Calchep 3.4 for collider physics within and be-
yond the standard model. Computer Physics Communi-
cations, 184(7):1729 – 1769, 2013.
[27] J. de Favereau et al. DELPHES 3, A modular frame-
work for fast simulation of a generic collider experiment.
JHEP, 1402:057, 2014.
[28] D. Contardo, M. Klute, J. Mans, L. Silvestris, and J. But-
ler. Technical Proposal for the Phase-II Upgrade of the
CMS Detector. 2015.
[29] P. S. Bhupal Dev and R. N. Mohapatra. Unified expla-
nation of the eejj, diboson, and dijet resonances at the
lhc. Phys. Rev. Lett., 115:181803, Oct 2015.
